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that there is no knowledge base that focuses explicitly on data, methods and research initiatives to better understand specific approaches to vulnerability assessments. However, a more sophisticated understanding of food system vulnerabilities has begun to emerge. This focuses on both global environmental and societal change, and is based on the consideration of multiple drivers (Ericksen et al. 2010, 72) . The identification of vulnerabilities in food systems and the development of means to rectify those vulnerabilities constitute true innovations and provide significant opportunities where public food policy and food supply chain management are concerned. In order to provide the structured representation of food system vulnerability that has been lacking in the research field, we have set up a vulnerability matrix that aims, first and foremost, to operationalize the concept of food system vulnerability. Our discussion centers around food security, which is the major desired outcome of any food system.
Two basic research questions are raised on the basis of the food system vulnerability concept. First, how can the concept of food system vulnerability be made operational? The achievement of this goal requires that the key components of vulnerability be specifically defined and distinguished from one another. This part of the research is conducted by formulating a food system vulnerability matrix, which includes vulnerability drivers in the rows and five classes of vulnerable systems in the columns. Second, how can an operational food system vulnerability framework contribute to the achievement of food security? We illustrate the applicability of a food system vulnerability matrix in the context of the Finnish food system. Addressing food security in this context requires the identification of vulnerability drivers, vulnerable systems and vulnerable subclasses. It is crucial to operationalize the vulnerability concept in order to facilitate the development and implementation of appropriate national food security and food supply chain management policies in light of current and emerging changes. This article thereby also contributes to the methodology of vulnerability assessments.
Vulnerability is a highly contextual and place-based concept (Cutter et al. 2003) . It is typically described as a combination of exposure, sensitivity and adaptive capacity. Within a food system, the impact of an exposure, such as climate change, can vary significantly between and even within different countries. Food systems are vulnerable not only to climate and environmental change but also to various social factors, which is highlighted in the concept of double exposure (Leichenko et al. 2010 ). The multiple stressors to which food systems are exposed also include endogenous social drivers associated with internal factors, which together contribute to vulnerability (Bohle et al. 
4 1994). It is important to note that vulnerability is a theoretical concept and does not denote an observable phenomenon, making it difficult to measure (Hinkel 2011) . A framework for vulnerability indicator development and challenges for measuring vulnerability are discussed by the authors of this paper in a previous publication (Paloviita et al. 2015) . Food-related vulnerability studies typically adopt a narrow focus on the vulnerability of agriculture instead of a more systemic focus where food processing, manufacturing, distribution and consumption are also considered (Eakin 2010, 79) . This deficit partially reflects state policies around the world during the 20th century, as these were more focused on farming than on food systems. Most countries had ministries of Agriculture, not of Food (Lang and Barling 2012) .
There is an inherent cycle of inside-out impacts (the impact a food system has on society and the environment) and outside-in impacts (external conditions that may affect a food system and food supply chains), which emphasizes the need for increased systems thinking to understand broader correlations and inter-linkages (Porter and Reinhardt 2007) . These impacts are associated with external and internal vulnerabilities occurring within or beyond the system. Moreover, Beermann (2011) suggests that vulnerabilities within the German food industry caused by climate change could be both direct consequences (such as the physical consequences of climate change) and indirect consequences (such as change in transport conditions, risks for supply chain management, rise of production insecurities and changes in demand). The impacts can be multidimensional, including social, ecological, economic and cultural consequences. Hence, understanding these impact cycles is important not only for food system policies but also for food supply chain management. While corporate social responsibility policies mainly aim to make their business cases through sustainability management, we argue that more accurate identification of food system vulnerabilities can help companies to recognize major social or natural factors alongside business cases (e.g. Figge and Hahn 2012) . This can be a real step forward in creating shared value in the food supply chain and in redefining productivity in the value chain (Porter and Kramer 2011) .
Vulnerability drivers are generally classified into two types: exogenous natural drivers and endogenous social drivers (Khazai et al. 2014) . Exogenous drivers such as extreme weather events, climate change and global environmental change are generally unpredictable in terms of their timing, magnitude, location and impact on the vulnerability of a given system (Beermann 2011; Linnenluecke et al. 2012; Misselhorn et al. 2010, 323) . On the other hand, endogenous drivers such as anthropogenic impacts, governance and other socio-economic drivers represent a broader societal
perspective, which focuses on the social drivers of vulnerability (Khazai et al. 2014) . For example, the vulnerability of children to air pollution around schools demonstrates the impact of humanmade (anthropogenic) environmental pollution (Mohai et al. 2011) . Essentially, the dual system of food system governance, private and public, generates another source of endogenous vulnerability (Barling 2007) . State-led public food policy characterized by the authority of government and its institutions, and private, largely corporate led food policy characterized by the increasing influence of large retailers and food service corporations are both important in shaping food systems.
Vulnerability to private sector food policies is illustrated by Worthy et al. (2012) , who focuses on consumer vulnerability to weight-loss advertising among obese consumers.
From the social inequality point of view, Cahyadi and Waibel (2015) have studied contract smallholders' vulnerability to poverty. Poverty is also a major driver in the context of vulnerability to fluctuations in food prices among consumers in low-income brackets (Azzam and Rettab 2012) .
Changing consumption patterns can also be categorized as a socioeconomic vulnerability driver, since global supply chains ultimately connect, for example, "coffee drinking to species vulnerability" (Hertwich 2012, 36) , reflecting the causal link between consumption and biodiversity loss. On the other hand, consumption activities can themselves be vulnerable. This was for example demonstrated by Lee and Soberon-Ferrer (1997) , who studied consumer vulnerability to fraud and found this to occur more commonly among the elderly, women, minorities, the less educated and the poor. Vulnerable consumers have been defined as "those who are at a disadvantage in exchange relationships where that disadvantage is attributable to characteristics that are largely not controllable by them at the time of the transaction" (Andreasen and Manning 1990, 13) . Baker et al. (2005) , in turn, define consumer vulnerability as a state of powerlessness, a lack of control or a dependency with potential negative ramifications for the consumer. Another type of socioeconomic vulnerability driver is discussed by Bhattacharyya (2009) who presents the vulnerability of electricity supply to fossil-fuel dependence and fossil-fuel price fluctuations as an example of the impact of import disruptions and of international supply chains.
As previously mentioned, food security is the key desired outcome of a food system (Ericksen et al. 2010, 28) . Food insecurity, on the other hand, can be understood as a specific manifestation of a situation of vulnerability (Roncarolo et al. 2015) . There is growing pressure to achieve food security in a sustainable way as the global population rises, natural capital decreases, and our consumption patterns remain far from sustainable. In other words, there is a close relationship between food M A N U S C R I P T
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6 security and sustainability. The process of identifying and seeking to address food system vulnerabilities highlights the need for greater attention to food system governance (Eakin 2010, 83) .
Consequently, public and private sector policies regarding food security are increasingly called on to achieve a balance between commercial, environmental and social considerations (Dyllick and Hockerts 2002) . It has also been argued that nations' visions for sustainable food security as depicted in their food policies would be rendered more clear by integrating public policy across sectors (health, environment, trade, transport, regulation, welfare and education) and between different levels of governance (Lang and Heasman 2015, 286 (1) where the core goal is to feed everyone sustainably, equitably and healthily (2) which addresses needs for availability, affordability and accessibility (3) which is diverse, ecologically-sound and resilient (4) which builds the capabilities and skills necessary for future generations
The vulnerability of food systems is not limited to developing countries (Fresco 2009 ) and renewed interest in food security has emerged in European countries (Brunori and Guarino 2010, 41) .
However, there is a clear research gap in the existing literature concerning the future food security of European and other developed countries, which are facing multiple changes in their food systems. In this study, our empirical data focuses on the case of Finland. Although Finland can be
classified as a generally food secure country today, it will, in the future, face various food security threats that are similar to those faced by many other European countries. Another research gap is related to the definition of "food system", which sometimes refers only to an agricultural system and at other times refers to a food supply chain, social system or coupled social-ecological system (see Ericksen et al. 2010, 69-70) . In this paper, we situate our vulnerability analysis within a systems thinking approach, since food security is ultimately dependent on social systems (e.g.
supplier relations), ecological systems (e.g. ecosystem services) and technical systems (e.g. electric power systems). As is the case in many other European countries, the government in Finland continues to focus on agriculture rather than on the broader food system where food policy is concerned: food policies are governed by a Ministry of Agriculture and Forestry. Consequently, the administration and management of food chain related matters is dispersed (Puupponen et al. 2016 ).
Finally, most of the research concerning food system vulnerability focuses on exogenous vulnerability drivers, such as climate change, natural hazards and weather extremes. In this paper, we want to emphasize the double exposure of food systems to both environmental and social change, and consequently address vulnerability to multiple stressors (see Leichenko et al. 2010) . We argue that greater attention should also be diverted to analyzing endogenous social drivers or internal factors (see Bohle et al. 1994 ) as contributors to food systems vulnerability.
The rest of this article is organized as follows. The second section describes the general inquiry approach, data collection and analysis, and vulnerability matrix methodology. This is followed by the empirical results of the vulnerability matrix and a detailed presentation of the vulnerability drivers, vulnerable systems and their inter-linkages. Finally, the implications of the operationalization of food system vulnerability to food security, food policy and food supply chain management are discussed. The last section provides concluding remarks.
Material and methods
The current study is abductive in nature as it is essentially a dialogue between data and theory, with the emphasis on "theory matching" or "systematic combining" (Dubois and Gadde 2002) . In the abductive research process, the empirical data collection and theory building phases overlap as part of a learning loop (Spens and Kovács 2006). In our study, theories on food system vulnerability and food security, together with the empirical data, guided the selection of the vulnerability drivers and vulnerable elements. Similarly, codes were assigned to the vulnerable subclasses as a result of insights gleaned through the related literature and empirical data. Dubois and Gadde (2002) argue that successive steps in the learning process are seldom presented to the reader. Over the course of our learning process, we reformulated the vulnerability framework several times as we carried out our analysis. Our initial idea was to describe the vulnerability of the Finnish food system in the form of a matrix. We did not have any existing matrix model to guide us
Abductive method as a learning process
with regards to what the variables for the rows and the columns of the matrix should be. Starting with the conceptual definitions of vulnerability provided in the abovementioned literature, we reviewed our empirical data for potential vulnerability drivers and vulnerable food system. As a result, our initial matrix structure included food system activities (input production, agriculture, food industry, food retail and consumption) in the columns and a set of vulnerability drivers in the rows.
In the course of our research, we found an ontology-based semantic VuWiki for vulnerability assessments (Khazai et al. 2014) . VuWiki proposed a division between vulnerable natural, social and technical systems and also the division between natural and social vulnerability drivers. After having reviewed the ontology-based VuWiki, we still wanted to use food system activities as the columns of the matrix but decided to redirect the presentation of the vulnerability drivers by utilizing the division by VuWiki. As a result, the new rows were hydrometeorological drivers, biological and ecological drivers, anthropogenic drivers, social inequality, food system governance and war and conflict. We used this matrix structure to review our empirical data anew, and added verbal descriptions of our empirical observations to the cells of the matrix.
Later in the research process, we explored the TRANSMANGO vulnerability matrix for the European food system by Grando et al. (2016) , which proposed sixteen vulnerability factors and five vulnerability areas. It should be noted that one of the authors of this article participated in the development process of the TRANSMANGO vulnerability matrix. The TRANSMANGO matrix taught us three major lessons. First, we learned that vulnerability drivers should be more explicitly presented in the matrix instead of being combined into broad categories (e.g. "environmental pollution" instead of "anthropogenic impact"). The use of a more specific level of vulnerability driver ontology in VuWiki and the addition of food system specific drivers drawn from our empirical data gave rise to a matrix with thirteen vulnerability drivers.
Second, we learned that the columns of the matrix can and should represent a broader variety of vulnerability dimensions, i.e. more than food system activities alone. We therefore included three of the TRANSMANGO matrix's columns: food systems (which we named "food system activities"), sectors/supply chains ("food supply chains") and vulnerable social groups ("vulnerable groups").
According to our findings, these three columns represent subclasses of vulnerable social systems proposed by the VuWiki, i.e. functional systems (food system activities), organizational systems (food supply chains) and groups. The research literature also indicated that if our matrix only included social dimensions, then it would neglect to address the ways in which ecological and technical systems are vulnerable as well (Khazai et al. 2014 ) and the ways in which all three dimensions are interrelated in food systems. As a consequence, we broadened the matrix structure to include social-ecological-technical systems, with two additional columns named "natural systems"
and "technical systems".
The third lesson from the TRANSMANGO matrix concerned the actual content of the matrix. We
learned that a vulnerability matrix can only provide information about who or what is vulnerable to
what. Information about why or how specific vulnerabilities exist must be presented using other approaches. For example, vulnerability matrix cannot show how specific vulnerability occurs in the interplay between the driver and the system. In practice, the abductive approach helped us to formulate more specific vulnerability drivers in a systematic manner, to include natural, social and technical systems as part of the framework, and to redirect the information provided in the cells.
Food system vulnerability matrix
As described above, the food system vulnerability matrix was built in an abductive fashion using two recently published vulnerability frameworks, the TRANSMANGO matrix and the VuWiki, and our own empirical data. Hence, our matrix is a synthesis of the abovementioned vulnerability frameworks and aims to combine the advantages of the two approaches.
The starting point in the VuWiki is the division between natural, social and technical systems.
Natural systems are further divided into biological, physical and biophysical systems. Social systems, in turn, are further divided into functional systems (e.g. agriculture & forestry), organizational systems, and groups (e.g. households and communities). Finally, technical systems are divided into nine subclasses, including, for example, water and wastewater systems and transportation systems. The starting point in the ontology of vulnerability drivers is the division M A N U S C R I P T
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10 between natural and social drivers (Khazai et al. 2014) . Natural drivers are further divided into geological (e.g. earthquake), hydrometeorological (e.g. climate change), and biological/ecological drivers. Social drivers, in turn, are divided into anthropogenic impacts (e.g. environmental pollution), social inequality (e.g. poverty), governance (e.g. policy or policy change), and war/conflict and terrorism.
The TRANSMANGO vulnerability matrix, for its part, makes use of sixteen vulnerability factors and five vulnerability areas referring to vulnerable social groups, food needs and preferences, territories (geographical areas), sectors/supply chains (products and commodities), and food systems (food system activities) (Grando et al. 2016) . The sixteen vulnerability factors represent five broader driver categories, namely environmental, technological, socio-economic, policy, and other factors. The factors are: soil fertility degradation, plant and animal diseases, extreme weather events, water shortages, increasing spread of pollutants, adoption of unsuitable technologies, impoverishment, price levels and volatility, power/market concentration, unhealthy food commercials, geopolitical tensions, weakening of political action, unfair/reduced agricultural support, social welfare cuts, accidental food contamination, and food fraud (Grando et al. 2016 ).
While the vulnerability drivers used in the VuWiki are very general and the factors used in the TRANSMANGO matrix very specific, our approach to vulnerability drivers represents a middle ground between these two. Instead of the sixteen vulnerability factors presented in the TRANSMANGO matrix, we selected thirteen vulnerability drivers that more closely represent the VuWiki ontology approach. We have not used the same names for our drivers as those used in the TRANSMANGO vulnerability matrix, although their meanings may overlap. Also, when the vulnerability drivers used in our matrix are compared with those used in the VuWiki, our list includes more food system specific drivers, although some of the drivers are the same. The chosen vulnerability drivers for our food system vulnerability matrix are: hydrometeorological drivers, loss of biodiversity and natural resources, plant and animal diseases, technical disruptions, land use, environmental pollution, social inequality, public food policy, private food policy, disruption of imports, consumption patterns, war and conflict, and terrorism and fraud.
Selecting and defining the classes of vulnerable food system was a more challenging task.
Following the VuWiki approach, we wanted to reflect the vulnerabilities of natural, social and technical systems, all of which are crucial classes of the vulnerable food system, and also of functional systems, organizational systems, and groups within the social system. We therefore M A N U S C R I P T
11 decided to use the following columns in our matrix: natural systems, vulnerable groups, food supply chains (inter-organizational systems), food system activities (functional systems) and technical systems. The most fundamental difference between our matrix and the TRANSMANGO matrix is the inclusion, in our matrix, of natural systems and technical systems as separate columns.
Data collection and analysis
We decided to rely on publicly available documents produced by key actors of the Finnish food system for our empirical data. The first important decision in this regard was to select an appropriate geographical boundary for the data. By limiting the geographical focus to the Finnish food system (and Finnish documents) we were able to include a broader set of vulnerable subclasses in the analysis. We do not believe that our focus on a single country (Finland) poses problems in terms of relevance, since, as stated by Grando et al. (2016, 18) , "an expected difference in terms of vulnerabilities between national and global food systems proved to be inexistent on the basis of the given factors." Based on this we expect, at least at the European Union level, that food systems are similarly vulnerable to the same factors, with no crucial differences in the scale and geographical extent of that vulnerability.
Our second important data collection decision was related to the selection of the relevant organizations to be included in the analysis. We sought to include the key organizations representing the state (public policy), the food supply chain (private sector) and civil society (see Lang 2005) . Overall, it was acknowledged that food systems serve different functions for different actors with different outcome valuations, and that trade-offs are inherent to the relationship between the modern food system, food security, and sustainability (Ericksen et al. 2010) . Public policy organizations included the ministries and administrative bodies which deal directly with food issues. The food supply chain category, in turn, included the interest organizations of primary producers, the food industry, the food retailers, and food workers in Finland. The civil society group included the Evangelical Lutheran Church of Finland and various non-governmental organizations.
Using the search engines found on the web pages selected, we searched for relevant, food-related, documents that included at least one of our keywords: (Finnish translations of) food security, food system, food supply chain, vulnerability, threat, risk, pressure, disturbance, crisis, adaptation, resilience, self-sufficiency, food safety, sustainability/sustainable development, and environment.
Based on the initial search, approximately 400 documents were identified. These documents were M A N U S C R I P T
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either included in or excluded from the analysis using a quick content check. The main criterion for the inclusion of a document was that it identified both a specific vulnerability driver and a specific class of vulnerable food system (whether a natural system, social group, food supply chain, food system activity or technical system). At the completion of this phase, a total of 163 documents from 21 different organizations had been retained. Where longer documents were concerned, it was not necessary to analyze them in their entirety when they contained sections that were irrelevant from both the vulnerability and food system points of view. The qualitative data in documentation consists of excerpts of documents captured in a way that records and preserves context (Patton 2015) . The full list of the documents included in the analysis is shown in the appendix.
A total of 43 vulnerable subclass codes were created and all the document texts were analyzed according to these codes. For each class of vulnerable food system (column), we developed a set of codes representing different subclasses of natural systems (e.g. W = water system), vulnerable groups (e.g. F = farmers), food supply chains (e.g. MD = milk and dairy), food system activities (e.g. A = agriculture) and technical systems (e.g. T = transportation system). These codes were derived from the ontology for vulnerable systems (Khazai et al. 2014) , the TRANSMANGO vulnerability matrix (Grando et al. 2016 ) and our empirical data. More specifically, there were six codes for natural systems, ten codes for vulnerable groups, eleven codes for food supply chains, eight codes for food system activities and eight codes for technical systems. These codes were placed in the appropriate rows of the matrix, depending on the context (vulnerability driver) of their occurrence in the texts. Hence, the vulnerability matrix only informs readers whether the relationship between the vulnerability driver and vulnerable subclass occurs in the documents or not. The frequency of occurrences was not reported in the matrix. However, to support the robustness of our qualitative insights, we counted the number of times that each code appeared in the texts and are also addressed these frequencies in the results section (see the "counting tactic" by Miles et al. (2013, 282) .
The empirical data consisted of publicly available food-related documents from the organizations listed in the Table 1 . Selected organizations, their web pages and the number of documents analyzed.
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Results
Subclasses of vulnerable natural systems, groups, food supply chains, food system activities, and technical systems identified in the documentation data are presented in the food system vulnerability matrix in Figure 1 . Their identified vulnerability to thirteen vulnerability drivers is further discussed in the following sections. Given thirteen vulnerability drivers and 43 vulnerable system codes, there were 559 potential driver-system combinations (cells). It should be noted that more than half of these cells (306) remained empty after analysis (no vulnerability was identified in the documentation data). In order to improve the representativeness of the final matrix we decided to include only those vulnerable subclasses which were identified in at least three different documents with respect to a specific vulnerability driver. For example, vulnerability of consumption (food system activity) to public food policy was identified in the excerpts such as:
"Excise duty hikes from the beginning of the year had a significant impact on food prices." 
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Vulnerable natural system
In recent years, increasing attention has been given to environmental vulnerability, especially the vulnerability of available natural capital stocks and ecosystem services (Birkmann 2013, 29; Ericksen et al. 2010, 29) . Although natural hazards and climate variability originate from the M A N U S C R I P T
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15 environment, natural systems also constitute an important resource for food system activities and food supply chains. Because farmers, food companies and ultimately all people are inherently dependent on available natural capital and ecosystem services, it is crucial to address the vulnerability of natural systems in the context of food system vulnerability. Our data indicated that natural systems are especially vulnerable to environmental pollution and consumption patterns.
Emissions and effluents from agriculture and unsustainable consumption patterns were typically identified as drivers of vulnerability. Land use was identified as a driver in the context of biophysical vulnerability in particular: increasing and intensifying land use is a threat to biodiversity, including various species. It is not surprising that natural system vulnerability was mainly addressed in documents obtained from the Ministry of the Environment and the Finnish Environment Institute.
Vulnerable groups
According to Birkmann (2013, 27) , the diversity and dynamics of people's changing conditions and local vulnerabilities should be addressed when identifying vulnerable groups. National and local research is also needed to assess the context in which societies or communities are embedded. In the food system, vulnerable groups can be identified based on their food security. However, the producers of food (e.g. farmers, small and medium sized entrepreneurs and employees) can also be seen as vulnerable groups, which can threaten the functionality of the food system and therefore food security. Based on our data, far more attention is paid to the vulnerability of social groups than to the vulnerability of natural systems. Public and private food policies were recognized as the key drivers of social group vulnerability. In addition, the general population's vulnerability to consumption patterns was frequently identified due to its impact on long-term public health and well-being. Among occupational social groups, farmers, employees and small and medium sized entrepreneurs were commonly listed as vulnerable social groups. Among demographic social groups, children, rural population and poor people also emerged as vulnerable groups.
Vulnerable food supply chains
It is critical to understand also the vulnerability of commercial food supply chains to disruptions within a wider macroeconomic and natural environment characterized by many uncontrollable forces (Peck 2005) . Due to political and public policy dimensions, food supply chain vulnerability M A N U S C R I P T
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is wider in scope than integrated supply chain management, business continuity planning or corporate risk management (Peck 2005) . Among the vulnerable food supply chains, meat and dairy supply chains were the most frequently identified. This is interesting, because these chains are also the most concentrated food supply chains in Finland. For an example of a discrete shock being applied to food supply chains one can look to the war in Ukraine and the resulting conflict between the European Union and Russia, which was particularly damaging to Finnish dairy and meat supply chains due to the Russian embargo on food imports in 2014. Before the embargo, Russia had been the main export market for Finnish dairy and meat products. Continuous stressors in the context of food supply chains, on the other hand, were related to legislative issues stemming from public food policy and negotiation power issues arising from private food policy. More specifically, power disparities between supply chain members and the lack of cooperation amongst public food policy makers were identified as key vulnerability drivers for food supply chains.
Vulnerable activities
Food systems include a range of activities from planting seeds to household waste disposal (Ericksen et al. 2010, 25) . While agriculture is no longer the primary income generating activity in developed countries, other activities between farm and fork (processing, packaging, distribution, and retailing) have grown (Ericksen et al. 2010, 26) . In our data, the vulnerability of the food system was mainly recognized as relating to the vulnerability of food system activities, which were far more commonly identified than the other classes of vulnerable food system (natural systems, social groups, food supply chains, and technical systems). Among food system activities, the vulnerability of agriculture, food processing and manufacturing, and consumption were highlighted in documentation data. The existing, compartmentalized policies that are currently being were all identified as vulnerability drivers for agriculture.
Vulnerable technical systems
Society's interconnected and interdependent technical infrastructures have become increasingly vulnerable to disturbances, which may have significant consequences for health, safety, security and the economy (Johansson and Hassel 2010) . These consequences are passed on to the people, organizations and communities that depend on critical infrastructures (Johansson and Hassel 2010) .
Technical system was clearly the least identified class of the vulnerable food system. This is surprising, given that food retailers depend on retail information systems, the agriculture and food industries depend on water and wastewater systems, and the food system as a whole depends on the electric power system and transportation infrastructure. All pre-coded technical systems were occasionally identified in the documentation data, but the discussion was limited in scope.
However, technical disruptions, which were included as a vulnerability driver, received much more attention in the documentation data. This might partly explain the lack of findings regarding this vulnerability column: it was perceived, in the documents, that the food system or its elements are vulnerable to technical disruptions and increasingly dependent on technical systems, but the vulnerability of those technical systems themselves was not addressed in any detail. It seems, then, that although there is some understanding of the vulnerability of food system activities and food supply chains to technical disruptions, there is less understanding of the specific vulnerability drivers threatening technical systems. For example, discussions regarding the vulnerability of information technology and cyber security were largely absent from the documentation data.
Discussion
In the previous sections, we presented the food system vulnerability matrix by explicitly addressing and distinguishing the vulnerability drivers, vulnerable systems and vulnerable subclasses identified by means of an abductive research process. Correspondingly, the first part of the discussion below focuses on the methodological challenges of the matrix's development and the second part on possible applications to public policy and food supply chain management.
Methodological challenges in developing the vulnerability matrix
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The food system vulnerability matrix can be understood as an empirical application of the ontology for vulnerability assessments by Khazai et al. (2014) . In addition, the food system vulnerability matrix in the Finnish context can be understood as a national application of the EU-level TRANSMANGO matrix by Grando et al. (2016) . We argue that empirical vulnerability assessments at the national and even regional level are required in order to understand the contextual nature of vulnerability. Another noteworthy advantage of our food system vulnerability matrix is that it captures the vulnerabilities of five classes of vulnerable food system, all of which represent critical systemic dimensions of the modern food system. However, we faced a number of challenges in terms of the matrix structure and the information provided by the cells.
The development of the matrix structure included decision-making regarding its rows and columns.
Presenting vulnerability drivers in the rows of the matrix provides a quick overview of the answer to the question: 'Vulnerability to what?' The ontology for vulnerability drivers (Khazai et al. 2014) introduced relatively useful driver categories, but the empirical food system context and the qualitative data suggested some specifications and additions to the list, such as "disruption of imports" and "consumption patterns". The driver categories are in some sense contingent, and given the need to keep the matrix readable some of them are very inclusive (such as the public and private food policy drivers). There are always trade-offs between readability and precision. Decisions regarding the columns of the matrix ('Vulnerability of what?') were more challenging, as they involved fundamental assumptions about the food system and its economic, social, and environmental dimensions. Our initial approach to the food system was an activity-based approach, where the food system was seen as a chain of successive activities (columns) from input production to consumption. In the EU-level TRANSMANGO matrix, in turn, the food system was presented as a broader social system including vulnerable social groups, food needs and preferences, territories, sectors/supply chains and food systems. Through the abductive process we ultimately decided to present the food system as a social-ecological-technical system, each dimension of which is vulnerable.
Information provided by the cells was determined by the coding and the qualitative analysis of the data. Codes for food supply chains and food system activities directly reflect the major themes discussed in the mainstream literature, e.g. milk and dairy supply chains or agriculture as an activity. There could have been even more subclasses associated with natural systems, vulnerable social groups and technical systems, which meant that we had to limit the number of subclasses M A N U S C R I P T
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based on their contextual importance. The main source of uncertainty, in terms of the cells' contents, was the absence, in certain documents, of explicit mention of the vulnerability drivers and/or the vulnerable systems, such that said documents had to be interpreted. Three researchers (two doctors and one doctoral student) conducted and cross-checked the coding, which improved the reliability of the findings. Various uncertain cases were discussed by the researchers in order to generate a shared understanding of the basic interpretation principles. In our view, an occasional lack of clarity in documents does not undermine the reliability of the findings when a large enough number of documents are analysed, but populating a matrix with information taken from a very small number of documents would not serve any useful purpose.
Applications to public policy and food supply chain management
Policy engagement across the food system is necessary in order to respond to the central challenge for twenty-first century food policy: how to feed current and future populations equitably, healthily and in ways which maintain the ecosystems upon which humanity depends (Lang and Barling 2013) . The food system vulnerability matrix can further promote national policy engagement with sustainable food and sustainable diets, which, in turn, are cornerstones of national food security. As the vulnerability matrix emphasizes the multi-level nature of food systems, it can contribute towards multi-level food policy. In other words, the food system vulnerability matrix can serve as the policy translation of national food security by helping to define the food system in terms of its vulnerability, using an appropriate level of detail and specificity. Moreover, the vulnerability matrix encourages us to ask "macro" policy questions (see Lang and Barling 2013) , which require the multi-level consideration of natural, social and technical systems. Ultimately a set of clear and measurable social goals towards a sustainable and resilient food system are needed. However, the empirical results confirmed that the fragmented and compartmentalized public food policy in Finland constitutes a vulnerability driver across the country's food system.
Food supply chain policies can be considered as a vulnerability driver across the food system and at the same time food supply chains are vulnerable to outside-in impacts (Porter and Reinhardt 2007) . Porter and Kramer (2011, 9) argue that "profits involving a social purpose represent a higher form of capitalism, one that creates a positive cycle of company and community prosperity." International and national food supply chains are powerful entities in the modern food system and they can lead social progress within the right kind of policy framework, guided by government regulation. The food system vulnerability matrix can highlight the vulnerability 'hotspots' of the food system M A N U S C R I P T
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within which the food supply chains are embedded. Consequently, it can promote the recognition of any major social or environmental factors that should be taken into account alongside business cases (e.g. Figge and Hahn 2012) and to translate complex food security and sustainability issues into the business model. Unfortunately, our documentation data identified the private food policies implemented by large companies as one of the most common vulnerability drivers across the food system.
Supply chain vulnerability assessments (Peck 2005) contribute to supply chain resilience (Ponis and Koronis 2012) since they facilitate the proactive planning and design of food supply chain networks that anticipate unexpected and disruptive events. Diversity is generally considered important in creating resilience in the food system, allowing it to adapt to climate change, policy change and evolving resource issues (Pullman and Wu 2012, 256) , and to preserve options in the event of a crisis (Ericksen 2008) . This is in line with the notion that a sustainable food system is a productive system that is capable of responding to changing demands, which requires that vulnerability be minimized (Fresco 2009 ).
Conclusion
The vulnerability matrix proposed in this article was developed abductively and revised numerous times. Its objective was not to measure vulnerability, but to address and to distinguish between key components of vulnerability: vulnerability drivers, vulnerable systems and vulnerable subclasses.
Through overlapping empirical data collection (excerpts of documentation) and theory building, we ended up with a matrix of thirteen vulnerability drivers and five vulnerable systems. The matrix was tailor-made for the Finnish food system, its applicability can easily be extended by making the necessary contextual, industry-and country-specific modifications. As it stands, the matrix operationalizes the concept of food system vulnerability and addresses national food security questions in the Finnish food system context.
Appropriate adaptation strategies at the public policy and food supply chain levels require explicit recognition of vulnerability drivers and vulnerable systems. Such recognition enables a higher degree of specificity when speaking about food security and sustainable food systems. Finnish food security is threatened by numerous vulnerability drivers, which can be broadly categorized as natural, anthropogenic, governance and other socio-economic drivers. Food systems, in turn, are a function of vulnerable natural systems, social groups, food supply chains, food system activities and M A N U S C R I P T
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technical systems. Each class of vulnerable food system includes several subclasses, which were identified, attributed codes and included in the matrix. Moreover, vulnerability drivers and vulnerable systems are inherently interconnected and interdependent within and beyond the systems.
Future research should further aim to explicitly distinguish the other key factors affecting vulnerability, such as spatial scope (e.g. geographical or organizational boundaries) and temporal scope (timeframe) (Khazai et al. 2014; Birkmann 2013, 93) . In addition, more attention should be given to the connections and interactions between and within societal, ecological and technical subclasses, where the focus should be on the critical linkages, feedbacks and synergies between different vulnerability drivers and classes of vulnerable food system (Leichenko et al. 2010; Khazai et al. 2014 ). At the public policy level, a national food security policy, which includes the criteria for sustainable food systems and diets, is needed. Currently, many developed countries, including
Finland, are neglecting to develop such policies and criteria. At the food supply chain level, focal companies need to redirect their policies towards creating economic value by creating societal value through addressing society's needs (Porter and Kramer 2011) , such as the need to feed everyone sustainably, equitably and healthily and to help resolve humanity's need to eat within ecological space (Lang and Barling 2013) . This paradigm shift provides significant opportunities at all levels of food policy and business strategy development. If food security is the offspring of a sustainable food system, then innovation is the offspring of vulnerability. 
